Abstract The purposes of this study were to determine whether running economy (RE) is adversely aected following intense interval bouts of 10´400-m running, and whether there is an interaction eect between RE and recovery duration during the workouts. Twelve highly trained male endurance athletes [maximal oxygen consumption; O 2 max 72X5 4X3 ml Á kg À1 Á min À1 Y mean (SD)] performed three interval running workouts of 10´400 m with a minimum of 4 days between runs. Recovery duration between the repetitions was randomly assigned at 60, 120 or 180 s. The velocity for each 400-m run was determined from a treadmill O 2 max test. The average running velocity was 357.9 (9.0) m á min A1 . Following the workout, the rating of perceived exertion (RPE) increased signi®cantly (P < 0.01) as recovery duration between the 400-m repetitions decreased (14.4, 16.1, and 17.7 at 180s, 120s, and 60 s recovery, respectively). Prior to and following each workout, RE was measured at speeds of 200 and 268 m á min A1 . Changes in RE from pre-to post-workout, as well as heart rate (HR) and respiratory exchange ratio (R) were similar for the three recovery conditions. When averaged across conditions, oxygen consumption O 2 ) increased signi®cantly (P < 0.01) from pre-to post-test (from 38.5 to 40.5 ml á kg A1 á min A1 at 200 m á min A1 , and from 53.1 to 54.5 ml á kg A1 á min A1 at 268 m á min A1 , respectively). HR increased (from 124 to 138, and from 151 to 157 beats á min A1 respectively) and R decreased (from 0.90 to 0.78, and from 0.93 to 0.89, respectively) at 200 and 268 m á min A1 , respectively (P < 0.01). This study showed that RE can be perturbed after a high-intensity interval workout and that the changes in O 2 , HR and R were independent of the recovery duration between the repetitions.
Introduction
Running economy [(RE; the oxygen consumption ( O 2 ) measured at a given submaximal velocity] is one of many physiological variables that are associated with successful running performance among a homogeneous group of runners (Conley et al. 1981 (Conley et al. , 1984 Morgan and Craib 1992) . These studies have demonstrated that when RE was improved, running performance also improved. Variances in RE among and within cohorts of runners are in¯uenced by many biomechanical, physiological and anthropometric factors (Morgan et al. 1989; Pate et al. 1992) .
Fatigue induced by submaximal long duration exercise signi®cantly increases the aerobic demand of running (Brueckner et al. 1991; Cavanagh et al. 1985; Guezennec et al. 1996; Xu and Montgomery 1995) . Following prolonged activity, increases in O 2 have been associated with increases in heart rate (HR), core temperature ( c ), fat catabolism and blood catecholamine levels as well as decreases in biomechanical eciency, muscle glycogen and liver glycogen content (Bailey and Pate 1991; Kalis et al. 1988; MacDougall et al. 1974; Morgan and Craib 1992; Williams and Cavanagh 1987) . In contrast, some studies have shown that long duration runs at 74±90% of maximal O 2 ( O 2max ) did not alter RE (Dressendorfer 1991; Martin et al. 1987; Morgan et al. 1990 Morgan et al. , 1996 . Since the acute eects of intense interval workouts on RE have not been examined, the purposes of this study were to determine whether RE is adversely aected following intense interval workouts and to determine whether there is an interaction eect between RE and recovery duration during the workouts. the investigation. Four subjects quali®ed for the 1996 Canadian Olympic Trials, and one subject was a Canadian record holder in the triathlon. Based on the Mercier Scoring Tables (Mercier and Beauregard 1994) , personal best times were rated between 612 and 840 points [mean (SD) 727 (82) points] and were categorized as either middle-distance runners (n 6), long-distance runners (n 4), or triathletes (n 2). Table 1 shows the mean physical and training characteristics of the subjects. The subjects were lean, having a mean sum of six skinfolds equal to 44.8 (5.0) mm. Skinfold thickness was measured at six sites (chest, triceps, suprailiac, subscapular, thigh and abdomen) and converted into percent fat (Yuhasz 1974) .
All subjects participated in ®ve testing sessions which included: (1) a treadmill accommodation run, (2) a O 2max test, and (3) three interval training sessions with RE tests at 200 and 268 m á min A1 .
Session 1: treadmill accommodation runs
Since previous research has determined that treadmill accommodation runs of 30±60 min are required for subjects to settle into a consistent running pattern (Cavanagh and Williams 1982, Schieb 1986) , all subjects performed an accommodation session on a calibrated Quinton Q65 treadmill (Quinton Instrument). Subjects warmed up at 200 m á min A1 for 5 min, and then ran three, 10-min bouts at 268 m á min A1 with a 5-min recovery between runs. (Daniels et al. 1977; Morgan et al. 1996) . Maximum HR values ranged from 172 to 208 beats á min A1 . Time to exhaustion on the treadmill varied from 10.9 to 13.7 min [mean (SD) 12.3 (0.9) min]. Pugh (1970 Pugh ( , 1971 suggested that when subjects ran on a track compared to a level treadmill a 4% reduction in speed should be eected to account for the dierences in oxygen cost associated with overcoming wind resistance during overground running at a velocity of 360 m á min A1 . Thus, we reduced the ®nal treadmill velocity on the O 2max test by 4% in order to establish the speed for the 10´400-m interval workouts.
Sessions 3±5: RE tests pre-and post-workout
In order to minimize the daily variation in RE within individuals and to avoid any circadian in¯uences (Daniels et al. 1984; Morgan et al. 1994 ) subjects performed the three interval workouts and RE tests at the same time each day and wearing the same shoes. Subjects refrained from eating for 2 h prior to each session.
Two RE tests were performed prior to, and two RE tests were performed after each interval workout. The temperature in the lab was controlled at between 20 and 23°C. After a 5-min warm-up at 200 m á min A1 and then stretching, subjects ran at 200 and 268 m á min A1 (0% grade) for 6 min with a 5-min passive recovery between each RE test. RE was calculated in ml á kg A1 á min A1 and l á min A1 by averaging the O 2 during the last 3 min of each bout. Post-test RE values were adjusted to account for changes in body mass due to the 10´400-m interval session.
The interval workouts were performed indoors on a 200-m banked track with a mondo-surface. Subjects ran 10´400-m with active recovery (60, 120, 180 s) randomly assigned. The RE tests were performed 10 min prior to and 10 min following each workout. Mean environmental conditions in the ®eldhouse for temperature, barometric pressure, and relative humidity were: 23.4 (2.4)°C, 756 (7) mmHg, and 62 (7)%. Subjects ran alone, but with verbal encouragement and 200-m split times provided by the investigators. Since these athletes were experienced runners, only one split time at 200-m was needed per 400-m repetition to maintain the prescribed workout velocity. A minimum of 4 days was allowed between workouts for recovery.
HR was recorded every 5 s using a Polar Vantage XL watch. Peak HR per 400-m repetition and the minimum HR during the subsequent recovery period were recorded for each of the ten repetitions.
Statistical analyses
The experimental designs were two repeated measures analyses of variance (one for each RE speed) with subjects (S) crossed with recovery (R) conditions (60, 120, 180 s) and test (T; pre-and postworkout), and described as: S 12´R3´T2 . The dependent variables were O 2 (l á min A1 and ml á kg A1 á min A1 ), HR (beats á min
A1
), pulmonary ventilation ( E ; l á min A1 ), and respiratory exchange ratio (R). Statistical signi®cance was declared if a < 0.05. Table 2 , the mean velocities were 357.4, 359.0 and 357.5 m á min A1 in the 60-, 120-and 180-s recovery conditions, respectively. No dierences (P < 0.05) were found among these recovery conditions. During the workouts, the mean body mass loss ranged from 0.9 to 1.1 kg. The rating of perceived ex- ertion (RPE; Borg 1982) indicated that the workout was`m oderately dicult'' with 180 s recovery between repetitions,``dicult'' with 120 s recovery, and``very dicult'' with only 60 s recovery. The RPE ratings were statistically signi®cant from each other (P < 0.01).
Results

As given in
During the workout, peak HR increased signi®cantly (P < 0.01) from the ®rst 400-m run (repetition 1) to the tenth 400-m run (repetition 10), with the highest values occurring in the 60-s recovery condition (Fig. 1) . Minimum recovery HR increased (P < 0.01) as the recovery duration decreased, with mean (SD) values of 116 (25), 122 (22), and 148 (15) beats á min A1 following repetition 9 for the 180-, 120-, and 60-s recovery conditions, respectively. Table 3 gives the RE data prior to and following the interval training sessions. At 268 m á min A1 , the mean O 2 was 53.1 (2.8) ml á kg A1 á min
A1
, which is similar to that reported by Pollock (1977) for elite middle-and long-distance runners. At 200 m á min A1 , the mean O 2 was 38.5 (2.6) ml á kg A1 á min
, which is similar to that reported by Morgan et al. (1990) . The RE values were 4± 5 ml á kg A1 á min
, or 11.5% lower than predicted by the American College of Sports Medicine (ACSM) equation for the general population (ACSM 1995) .
Pre-to post-test comparisons showed no changes in E . In contrast, O 2 , HR, and R changed signi®cantly from pre-to post-test (P < 0.01) at both RE velocities, independent of the recovery duration (Fig. 2) . HR increased by 14 beats á min A1 at 200 m á min A1 and by 6 beats á min A1 at 268 m á min A1 . When averaged across recovery conditions, O 2 increased (P < 0.01) by 2.0 and 1.4 ml á kg A1 á min A1 at RE speeds of 200 and 268 m á min
, respectively, R decreased by 0.12 and 0.04 (P < 0.01) respectively, independent of the recovery duration.
Discussion
Following an intense interval workout at 100% O 2max , we observed increases in O 2 of 2.6 and 5.0% during RE tests at 268 and 200 m á min A1 that were independent of the recovery duration between the 400-m repetitions. These data corroborate earlier ®ndings where the oxygen cost measured immediately after running bouts at 60±80% of O 2max increased 3.9±6.6% at RE speeds between 188 and 243 m á min A1 (Brueckner et al. 1991; Guezennec et al. 1996; Xu and Montgomery 1995) . The O 2 observed during a RE test may remain elevated for several days following high-intensity exercise (Cavanagh et al. 1985) .
In contrast, four studies have reported no change in RE after intense exercise (Dressendorfer 1991; Martin et al. 1987; Morgan et al. 1990 Morgan et al. , 1996 . Of these studies, only that of Dressendorfer (1991) . For the study reported here, high calibre runners were selected since the daily variation in RE within this population is only 1±2% (Morgan et al. 1994) . RE was assessed at 200 and 268 m á min A1 for several reasons. First, these speeds permitted all subjects to complete both runs with an R value below 1.00. Second, in previous studies 268 m á min A1 has been used traditionally as the most common speed at which to measure RE (Cavanagh et al. 1985; Conley et al. 1981 Conley et al. , 1984 Daniels et al. 1977; Londeree 1986; Pollock 1977) , thus our results are comparable to these studies. Third, Daniels and Daniels (1992) suggested that RE should be measured at various speeds because eciency may vary with velocity.
Several mechanisms have been proposed to account for the rise in O 2 (indicating a worsened RE) after prolonged activity. These mechanisms include an increase in HR to compensate for a decreased stroke volume, an increase in T c as a result of thermal stress, an increase in blood catecholamine levels, a change in substrate utilization with an increase in fat metabolism resulting from a decrease in muscle and liver glycogen, and a decrease in biomechanical eciency (Bailey and Pate 1991; Kalis et al. 1988; MacDougall et al. 1974; Morgan and Craib 1992; Williams and Cavanagh 1987) .
During the interval workouts, there was a gradual upward drift in peak HR of 10 beats á min A1 from repetition 1 to repetition 10 and a body mass loss of 1 kg. Furthermore, a comparison of the post-workout RE tests with the pre-workout tests showed an increase in HR by 14 beats á min A1 at 200 m á min A1 and 6 beats á min A1 at 268 m á min A1 . The upward drift in HR during exercise may be attributed to a fall in central blood volume causing decreased ®lling pressure, thus resulting 0.9 (0.3)* 1.1 (0.4)* 1.0 (0.4)* * Signi®cantly dierent compared with pre-workout (P < 0.01) ** Signi®cantly dierent compared with 60-s recovery condition (P < 0.01) Fig. 1 Oxygen consumption ( O 2 ), HR, and respiratory exchange ratio (R) during the running economy (RE) tests prior to (Pre, grey bars) and following (Post, block bars) the interval workouts. *Signi®cant-ly dierent from pre-RE test (P < 0.01); F borderline signi®cant from pre-RE test ( 0X054) in a decreased stroke volume (Nielsen et al. 1984) . A decrease in blood volume from pre-to post-workout can be attributed to water loss from sweating and a compartmental shift of water from the plasma to the interstitial¯uid. A compartmental shift of 250 ml of water occurs within 10 min of the onset of exercise (Nielson et al. 1984) . In addition, a withdrawal of parasympathetic tone may have contributed to the increase in HR (Kalis et al. 1988 ).
An increase in T c aects RE (MacDougall et al. 1974; Saltin and Stenberg 1964) . With the increase in T c during exercise the metabolic rate rises due to the Q 10 eect. This biological process doubles the rate of an enzymatic reaction per 10°C rise in temperature (Brooks et al. (MacDougall et al. 1974 ). Saltin and Stenberg (1964) have shown that O 2 rises by 5% during 3 h of steady state exercise in moderate environmental conditions. We also observed a 5.2% increase in O 2 when RE was assessed at 200 m á min
A1
, and a 2.6% increase at 268 m á min A1 following interval workouts.
An increase in T c induces an increase in E with an accompanying oxygen cost for the respiratory muscles (Bailey and Pate 1991; Hanson et al. 1982) . In the study reported here E was elevated by 4.1 l á min A1 at 268 m á min A1 from pre-to post-test but this change was not signi®cant ( 0X11). Increased ventilation, enhanced oxygen extraction, or a combination of these mechanisms should account for the increase in O 2 . We could not attribute the post-workout elevation in O 2 to improved oxygen extraction. Analysis of``true oxygen'' (oxygen fraction in inspired air A oxygen fraction in expired air) did not explain our ®ndings.
An increase in blood catecholamine levels and a change in substrate utilization with an increased dependency on fat combustion are also partly responsible for the rise in O 2 (Bailey and Pate 1991; Kalis et al. 1988) . Carbohydrates are a more ecient fuel for energy production (by about 7%) than fats (Brooks et al. 1995) . Therefore, when carbohydrates are available and used as the substrate for energy production, a lower oxygen cost occurs (Bailey and Pate 1991) . A decrease in R implies that relatively more fat is being used for the generation of ATP. Following the interval workouts, we observed decreases in R of 0.12 (200 m á min A1 ) and 0.04 (268 m á min A1 ). Although muscle biopsy procedures were not employed in this study, it is reasonable to assume that an interval workout of 10´400-m at a mean velocity of 358 m á min A1 would substantially lower muscle glycogen levels. Green (1978) reported that 10´60 s repetitions of high-intensity skating (at 120% of O 2max ) lowered muscle glycogen from 85.6 to 25.6 mmol á kg A1 wet weight in the vastus lateralis muscle. In addition, reductions in muscle glycogen concentration, RE (DRE 2X0 ml á kg A1 á min A1 ) and R (D 0X06) have been reported to occur in trained subjects who performed 5 days of high-intensity running (20 km á day A1 at 80% O 2max ) while on a low carbohydrate diet (Kirwan et al. 1988) .
During our RE test at 200 m á min A1 , O 2 increased by 100 ml á min A1 when comparing pre-and post-tests. Based on calculations using the thermal equivalence of oxygen for the non-protein respiratory quotient (McArdle et al. 1996) , we estimate that an increased dependency on fat combustion was an important factor accounting for the changes in RE. In addition, some carbon dioxide may have been retained to replenish the bicarbonate stores that were used to buer hydrogen ions from lactic acid accumulation during the interval repetitions. Other factors, like thermal strain (Saltin and Stenberg 1964) and biomechanical variables (Morgan et al. 1989) , may have contributed to the changes in O 2 .
We speculate that changes in RE would be greater following the workout with 60 s of recovery between repetitions compared to the 180-s recovery condition. Our physiological (HR) and psychological (RPE) data support this view. It is also reasonable to assume that more lactate would accumulate in the 60-s condition since less time was available for removal of lactate and for re-synthesis of ATP and creatine phosphate. However, our results indicate that the changes in RE are independent of recovery duration. We attribute these ®ndings to the fact that, regardless of the recovery duration between the 400-m repetitions, the running time at 100% of O 2max was the same in each condition. The intensity of each repetition and not the duration of the recovery in¯uenced RE in a similar manner.
To our knowledge, the present study is the ®rst in which the acute eects of an interval workout at 100% O 2max on RE are compared and to examine the eects of recovery duration between 400-m repetitions on RE. The practical application to the present ®ndings is the knowledge that RE can be perturbed with ten repetitions of 400-m bouts of running. Since RE is worsened after repeated hard eorts, quanti®cation of the time needed to re-establish baseline economy values would assist athletes in optimizing training.
Conclusions
This study showed that RE can be perturbed after an intense interval bout of 10´400 m running. In addition, the changes in O 2 , HR and R that occurred during the RE tests were independent of the recovery duration between repetitions.
